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INTRODUCTION

59
Discharges from sewage treatment plants (STPs), storm water drains, improperly designed septic 60
Each sample was tested in triplicate. The pH and turbidity of the tap and river water samples were 7.3 113 ± 0.4 and 0.5 ± 0.1 NTU (for tap water) and 8.0 ± 0.1 and 5.2 ± 0.3 NTU for river water. The 114 concentrations of E. coli and Enterococcus spp. in sewage, tap and river water samples were 115 enumerated using the US EPA's standard membrane filtration methods (38, 39) . In brief, sample 116 serial dilutions were made and filtered through 0.45 mm pore size (47 mm diameter) nitrocellulose 117 membranes (Millipore, Tokyo, Japan), and placed on modified membrane-thermotolerant Escherichia 118 coli agar (modified mTEC agar) (Difco, Detroit, MI) and membrane-Enterococcus indoxyl-D-119 glucoside (mEI) agar (Difco) for the isolation of E. coli and Enterococcus spp. Modified mTEC agar 120 plates were incubated at 35°C for 2 h to recover stressed cells, followed by incubation at 44°C for 22 121 h, while the mEI agar plates were incubated at 41°C for 48 h. The concentrations of HAdVs and 122
HPyVs in sewage, tap and river water samples were enumerated using qPCR assays (see below for 123 methodological details). Millipore Ltd, Sydney, Australia) via a glass funnel and base (Merck Millipore Ltd., Sydney, 132 Australia). The membranes were then placed into 50 mL PowerMax® Bead Solution Tubes. Nucleic 133 acid was extracted directly from the membranes using a Mo BIO PowerMax® Soil DNA Isolation 134
Kit. Extracted viral nucleic acid was eluted through the spin filter membranes by adding 2 mL 135 Solution C6 and stored at -20°C until processed. 136
Method B began with the addition of MgCl 2 to a final concentration of 2.5 mM to each sample. 137
Samples were filtered through 0.45 µm, 90 mm diameter HA membranes as above. Subsequently, 200 138 mL of 0.5 mM H 2 SO 4 (pH 3.0) was passed through the membranes to remove magnesium ions and 139 other positively charged substances followed by passing through 10 mL of 1 mM NaOH (pH 11) forthe elution of viruses from the membranes. The eluates were recovered in sterile 50 mL polycarbonate 141 tubes containing 50 µL of 100 mM H 2 SO 4 (pH 1.0) and 100 µL 100 × Tris-EDTA buffer (pH 8.0) for 142 neutralization. All 10 mL eluates were stored at -80 C until further processing. The samples were then 143 further purified, concentrated and desalted with Amicon ® Ultra-15 (30 K) Centrifugal Filter Devices 144 (Merck Millipore Ltd.) by centrifuging at 4,750 g for 10-15 min. 180-200 µL of concentrated samples 145 were collected from the filter device sample reservoir using a pipette. Viral nucleic acid was extracted 146 from each concentrated sample using a DNeasy Blood and Tissue Kit (Qiagen, Valencia, CA) 147 according to the manufacturer's instructions. Extracted nucleic acid was resuspended in 200 µL AE 148 buffer and stored at -20°C until processed. 149
HA membranes from Method B were also checked for retention of viruses. Filters were placed into 150 50 mL PowerMax® Bead Solution Tubes. Nucleic acid was directly extracted from the membranes 151 using a Mo BIO PowerMax® Soil DNA Isolation Kit as described above for Method A. 152
Method C is the modified version of the Method B. Briefly, 200 mL of 0.5 mM H 2 SO 4 (pH 3.0) 153 was passed through the HA negatively charged membranes. The membranes were then placed into 154 sterile 50 mL polycarbonate tubes containing 10 mL of 1 mM NaOH (pH 11) and vortexed for 5 min 155 at room temperature to release the membrane-adsorbed viruses. For neutralization, 50 µL of 100 mM 156 H 2 SO 4 (pH 1) and 100 µL 100 × Tris-EDTA buffer (pH 8) was added into the eluates. The samples 157 were further purified, concentrated and desalted with Amicon ® Ultra-15 (30 K) Centrifugal Filter 158 Devices (Merck Millipore Ltd.). Viral nucleic acid was extracted from each concentrated sample 159 using the DNeasy Blood and Tissue Kit (Qiagen). Extracted nucleic acid was resuspended in 200 µL 160 AE buffer and stored at -20°C until processed. The nucleic acid concentrations in each of the sample 161 obtained through Methods A, B and C were quantified using a NanoDrop spectrophotometer (ND-162 1000; NanoDrop Technology, Wilmington, DE). 163 PCR inhibition. To obtain information on the level of PCR inhibition, purified nucleic acid samples 164 extracted from sewage spiked tap and river water samples were spiked with a known amount (10 pg) 165
of Oncorhynchus keta DNA (Sigma Chemical Co., St. Louis, Mo. To separate the specific product from non-specific products, including primer dimers, melting curve 185 analysis was performed. During melting curve analysis, temperature was increased from 65-95°C at 186 0.5°C increment. HPyVs qPCR amplifications were performed in 50 μL reaction mixtures using 187
TaqMan Universal PCR master mix (Applied Biosystems, Foster City, CA). The qPCR mixtures 188 contained 25 μL of TaqMan Universal PCR master mix, no AmpErase UNG, 500 nM each primer, 189 400 nM of probe and 5 µL of template nucleic acid. The qPCR assays were performed using the Bio-190 Rad CFX96 thermal cycler (Bio-Rad Laboratories). All qPCR reactions were performed in triplicate. spp., HAdVs and HPyVs in sewage sample were 3.1  10 5 ± 1.6  10 4 CFU/10 mL, 2.0  10 5 ± 1.6  216 10 4 CFU/10 mL, 3.9  10 4 ± 7.9  10 3 gene copies/10 mL, and 2.5  10 4 ± 3.9  10 3 gene copies/10 217 mL, respectively. The tap water samples did not contain detectable concentrations of fecal indicator 218 bacteria or viruses. The river water samples had lower concentrations of E. coli (2.5  10 1 ± 1.0  10 1
219
CFU/100 mL of water) and Enterococcus spp. (1.2  10 1 ± 0.4  10 1 CFU/100 mL). None of the 220 viruses were detected in 1 L of unspiked river water samples.
qPCR standards and lower limit of quantification (LLOQ). qPCR standards were analysed in 222
order to determine the reaction efficiencies. The standards had a linear range of quantification from 3 223 × 10 5 to 3 × 10 1 (for HAdVs) and 5 × 10 5 to 5 × 10 0 (for HPyVs) gene copies/µL of nucleic acid 224 extract. The slope of the standards ranged from -3.30 to -3.42 (for HAdVs) and -3.23 to -3.38 (for 225 HPyVs). The amplification efficiencies ranged from 96% to 101% (for HAdVs) and 102% to 103% 226 (for HPyVs) and the correlation coefficient (r 2 ) ranged from 0.98 to 0.99 (for both HAdVs and 227 HPyVs). LLOQ of qPCR assays were determined using the standards. The qPCR LLOQ was 30 and 5 228 gene copies for HAdVs and HPyVs, respectively for all triplicate samples. 229
PCR inhibition assessment. The mean C T value and standard deviation for the O. keta spiked DNase 230
and RNase free water was 29 ± 0.1 (Table 2) . C T values for O. keta spiked water samples were 231 comparable for tap water samples processed by all methods, and river water processed by Method A 232 (Table 2) Method A were also 10-fold higher than those obtained through Methods B and C, respectively (Fig.  247   2b) . ANOVA indicated that the concentrations of HAdVs and HPyVs obtained through Method Asignificantly differed (P < 0.001) than those concentrations obtained from Methods B and C. The 249 concentrations of HAdVs and HPyVs in tap and river water samples within each method slightly 250 differed from each other but the differences were not statistically significant. 251
The estimated mean recovery efficiencies of HAdVs in tap and river water samples through 252
Method A were 31% and 32%, respectively (Table 3) . However, recovery efficiencies of tap and river 253 water samples obtained through Methods B and C ranging from 2.4% to 5.3% indicating that these 254 methods did not recover HAdVs as effectively as Method A. Similar trends were also observed for 255
HPyVs recovery. The estimated recovery efficiencies of HPyVs in tap and river water samples 256 through Method A were 40% and 78%, respectively, outperforming Methods B and C. 257 Little has been published on the recovery efficiency of these MST viral markers through the 270 processes of concentration, nucleic acid extraction and purification. It has been suggested that nucleic 271 acid extraction directly from the membranes, as performed in Method A, may result in higher 272 recoveries compared to protocols that require viral elution from membranes (37). An important step in 273
Method A is adjusting the pH of the water sample to 3.5 (below the isoelectric point of the viruses), 274 which imparts a positive charge to the viruses and allows them to bind reversibly to the negativelycharged HA membrane. The prototype version of Method A employed 500 mL sample volumes and a 276 47 mm diameter membrane (19)
membrane. Unlike the smaller-scale kit, the PowerMax® Soil Kit utilizes the entire sample, 287 contributing to better recovery of nucleic acid. 288
A limitation of all direct filtration methods for concentrating viruses and recovering nucleic acids 289
is the potential for concentrating PCR inhibitors on the membranes. However, we found no evidence 290 of inhibition in samples processed by Method A. This was supported by the Sketa22 PCR assay 291 undertaken in this study which indicated the absence of PCR inhibitors in samples processed by 292
Method A, but indicated inhibition in river water samples processed by Methods B and C. Method A 293 was able to effectively concentrate and quantify more HAdVs and HPyVs in both tap and river water 294 samples, which was not the case for Methods B and C. The mean recovery efficiencies of 32% 295 (HAdVs) and 78% (HPyVs) of Method A in this study can be considered highly sensitive for 296 simultaneous detection/quantification of these two viral markers in environmental waters compared to 297 other methods (32, 33, 43). 298
The Method B used in this study was originally developed for detecting enteroviruses and 299 noroviruses from coastal seawater samples (27). This approach has been used to concentrate and 300 detect a wide range of DNA/RNA viruses from small volumes (500 mL-2 L) of environmental water 301 samples using PCR/qPCR assays (6, 20, 21, 32, 42, 44-48). The recovery efficiency of Method B 302 varied from 33-95% (purified water), 38-89% (seawater), 28-46% (river water), and 32-87% (tapwater) using poliovirus as a model (27). Information is also available on the recovery efficiencies of 304 hepatitis A virus (12%), adenovirus type 41 (35-58%), adenovirus type 5 (4.0-36%) in various types 305 of water (41, 48, 49) . 306
The mean recovery efficiencies of HAdVs and HPyVs in this study for Methods B and C were 307 similar, to each other, ranging from 2.4 to 12% for both tap and river water samples which is 308 comparable to a previous HAdVs spiking study in MilliQ (0.2-7.0%) and river (0.3 and 1.5%) water 309 sample (32). Similar values of recovery efficiency have been reported in another study using Method 310 B for norovirus (3.3% and 18%) and astrovirus (2.3% and 43%) in tap and river water samples at 311 Binding of viruses to HA membranes contributed to the low recovery efficiency of Methods B and 320 C in this study, as a considerable fraction of the total nucleic acid could be extracted directly from 321 Method B membranes. The concentrations of both HAdVs and HPyVs were higher in the nucleic acid 322 extracts from the membranes than those obtained from the eluate, although in theory all the viruses 323 should have been eluted from the membranes (Fig. 3a and b) . The combined concentrations (eluate 324 and membrane) of HAdVs and HPyVs in tap and river water samples ranging from 3.9  10 3 to 7.9  325 Tap water 2.4 ± 0.2 5.9 ± 0.9 River water 3.1 ± 0.2 6.9 ± 0.8 Method C Tap water 2.8 ± 0.5 6.8 ± 1.9 River water 5.3 ± 0.2 12 ± 6.7 a :Recovery efficiency (%) = (concentration recovered/concentration spiked) × 100. 
